Atomoxetine (ATM) is a potent norepinephrine (NE) uptake inhibitor and increases both NE and dopamine synaptic levels in prefrontal cortex, where it is thought to exert its beneficial effects on attention and impulsivity. At the behavioral level, ATM has been shown to cause improvements on the measures of executive functions, such as response inhibition, working memory and attentional set shifting across different species. However, the exact mechanism of action for ATM's effects on cognition is still not clear. One possible target for the cognitive enhancing effects of ATM is the noradrenergic locus coeruleus (LC), the only source of NE to key forebrain areas such as cerebral cortex and hippocampus. Although it is known that ATM increases NE availability overall by blocking reuptake of NE, the effects of this agent on impulse activity of LC neurons have not been reported. Here, the effect of ATM (0.1e1 mg/kg, ip) on NE-LC neurons was investigated by recording extracellular activity of LC neurons in isoflurane-anesthetized rats. ATM caused a significant decrease of the tonic activity of LC single-units, although leaving intact the sensory-evoked excitatory component of LC phasic response. Moreover, the magnitude of the inhibitory component of LC response to paw stimulation was increased after 1 mg/kg of ATM and its duration was prolonged at 0.3 mg/kg. Together, these effects of ATM produced an increase in the phasic-to-tonic ratio of LC phasic response to sensory stimulation. ATM also modulated the average sensory-evoked local field potential (LFP) and spike-field coherence in LC depending on the dose tested. The lower dose (0.1 mg/kg) significantly decreased early positive and negative components of the sensory-evoked LFP response. Higher doses (0.3e1 mg/kg) initially increased and then decreased the amplitude of components of the evoked fields, whereas the spike-field coherence was enhanced by 1 mg/kg ATM across frequency bands. Finally, coherence between LC fields and EEG signals was generally increased by 1 mg/kg ATM, whereas 0.1 and 0.3 mg/kg respectively decreased and increased coherence values in specific frequency bands. Taken together these results suggest that ATM effects on LC neuronal activity are dose-dependent, with different doses affecting different aspects of LC firing. This modulation of activity of LC-NE neurons may play a role in the cognitive effects of ATM.
Introduction
Noradrenergic transmission is implicated in waking and arousal (Berridge and Foote, 1996; De Sarro et al., 1987) , vigilance and attention (Aston-Jones et al., 1997 Rajkowski et al., 1994) , memory (Arnsten, 2001; McGaugh, 2000; Przybyslawski et al., 1999) , decision-making Nieuwenhuis et al., 2005a; Usher et al., 1999) and many other cognitive, sensory and motor processes (see Aston-Jones and Cohen, 2005b; Berridge and Waterhouse, 2003; Ramos and Arnsten, 2007; Robbins and Everitt, 1995 for reviews) . A general role of norepinephrine (NE) seems to be the enhancement of neural activity in response to relevant stimuli and the suppression of interference from irrelevant ones, independently from their affective value (Aston-Jones and Bloom, 1981b; Foote et al., 1980) . This is accomplished by modulating neural excitability producing an increase in gain (Servan-Schreiber et al., 1990) or 'signal-to-noise' ratios in target neurons (Foote et al., 1975; Waterhouse et al., , 1988 Woodward et al., 1991) , where NE suppresses spontaneous neuronal firing rates and enhances stimulus-evoked cellular responses (Berridge and Waterhouse, 2003) . The largest group of brain noradrenergic neurons is in the brainstem locus coeruleus (LC), which sends widespread projections to forebrain areas and is the only source of NE in the hippocampus and neocortex (Berridge and Waterhouse, 2003; Foote et al., 1983; Ungerstedt, 1971) .
Psychostimulants are known to improve hyperactivity, impulsivity and inattentiveness in attention deficit/hyperactivity disorder (ADHD) by stimulating NE and dopamine (DA) neurotransmission (Biederman and Spencer, 1999; Zametkin and Rapoport, 1987) , but they are also effective at improving attention and other cognitive processes in healthy individuals (Mohamed and Sahakian, 2011; Sahakian and Morein-Zamir, 2011) . ADHD drugs such as methylphenidate and amphetamines have recently gained popularity as cognitive enhancers and their use by the "nonclinical" population has grown accordingly (Greely et al., 2008) . Their effects on cognition are thought to be mediated in part by decreasing LC spontaneous activity (Pliszka et al., 1996; Solanto, 1998) and by fine modulation of prefrontal NE levels (Ramos and Arnsten, 2007) . For instance, it has been demonstrated that methylphenidate administration decreases spontaneous discharge activity of LC neurons , while having an excitatory influence on prefrontal cortex (PFC) neuronal activity (Salek et al., 2012) . Moreover, methylphenidate decreases average sensory evoked field potentials recorded from several other brain regions (Yang et al., 2006a,b) . Other non-stimulant medications that have been shown to improve cognitive processes in both healthy and clinical subjects include the wake-promoting agent modafinil and NE reuptake inhibitors (Ballon and Feifel, 2006; Bidwell et al., 2011; Minzenberg and Carter, 2008) . A common effect of all these putative cognition-enhancing drugs is to modulate NE transmission in the forebrain, but their exact mechanism of action is still unclear.
Atomoxetine (ATM) is a selective NE reuptake inhibitor with high affinity for the NE transporter and much lower affinity for the DA and serotonin transporters (Bymaster et al., 2002) . However, ATM also enhances prefrontal DA, as well as NE, levels in the rat PFC (Bymaster et al., 2002; Swanson et al., 2006) . This is because DA transporters are sparse in PFC (Sesack et al., 1998; Soucy et al., 1997) and extracellular DA is taken up by the NET there (Carboni et al., 1990) . ATM, which is the first non-stimulant medication indicated for ADHD treatment (Pliszka, 2003; Spencer et al., 1998) , decreases omission errors in the continuous performance task (CPT) of sustained attention and normalizes altered electroencephalographic measures in children with ADHD (Barry et al., 2009a) . ATM has also been shown to improve working memory, response inhibition and other executive functions in patients with ADHD Faraone et al., 2005; Gau and Shang, 2010) . Moreover, ATM decreases impulsivity in high impulsive rats (Fernando et al., 2012) and improves attentional set shifting in rats with a compromised noradrenergic system (Newman et al., 2008) . Recently, ATM demonstrated better efficacy than placebo in preventing relapse to drug use in animal models (Economidou et al., 2011 ), but has not been fully evaluated yet in clinical trials for drug addiction (Sofuoglu, 2010) .
ATM improves indices of prefrontal executive functions such as working memory (Gamo et al., 2010; Tzavara et al., 2006) , inhibition (Chamberlain et al., 2006; Robinson et al., 2008) and attention in normal subjects also. In the rodent version of the CPT, the 5-choice serial reaction time task (5-CSRTT; Bari et al., 2008) , ATM increased response accuracy and decreased premature responses, which is thought to reflect improved attention and impulse control, respectively (Baarendse and Vanderschuren, 2012; Blondeau and Dellu-Hagedorn, 2007; Navarra et al., 2008; Paterson et al., 2011; Robinson, 2012; Robinson et al., 2008) . Using other translational tasks, researchers have shown improvements in response inhibition , behavioral flexibility ) and sustained attention ) after ATM administration in animal models. Importantly, these effects seem to be mediated almost entirely by the modulation of the noradrenergic, rather than dopaminergic, system (Bari et al., 2009; Pattij et al., 2012; Pattij and Vanderschuren, 2008) .
Clearly, there is much interest in the pro-cognitive effects of ATM, and a host of behavioral studies have demonstrated beneficial effects of this drug in various domains of cognitive functioning both in humans and non-human models, but little is known about the neural substrates responsible for such effects. Although the modulation of the NE-LC system by some putative cognitiveenhancing drugs such as methylphenidate Lacroix and Ferron, 1988; Olpe et al., 1985) and modafinil have been assessed by electrophysiological techniques, to our knowledge data are currently not available on ATM effects on the discharge activity of NE-LC neurons. Here, we investigated the modulatory effect of different doses of ATM on the spontaneous and sensory-evoked activity of LC neurons using single-unit extracellular recordings in anesthetized rats. Moreover, we recorded LC local field potentials (LFPs), and analyzed sensory-evoked LFP response (Katzner et al., 2009; Mitzdorf, 1985; Yang et al., 2006a) , spike-field coherence in LC (Fries, 2005) and coherence between cortical EEG and LC LFPs before and after ATM administration. These measures may provide important information on modulation of afferent inputs to LC, and responsiveness of LC neurons to such afferents, by ATM.
Materials and methods

Animals
Male Long Evans rats (Charles River) were used in these experiments (350e600 g). Animals were singly housed under a 12:12 h reverse light:dark cycle with food (Harlan Teklad) and water available ad libitum. Every effort was made to minimize animal suffering and to use the minimum possible number of animals. All procedures followed National Institute of Health Guidelines for the Care and Use of Laboratory Animals, and were approved by the Medical University of South Carolina Institutional Animal Care and Use Committee.
Surgical procedure
Rats were initially anesthetized with isoflurane in a plastic chamber and maintained at 2e2.5% throughout the experiment by nosecone administration. The animals were mounted in a stereotaxic frame (Kopf Instruments) equipped with atraumatic earbars and placed on an air table. Body temperature was maintained at w37 C using a thermistor-controlled heating pad coupled with a rectal probe. The skull was exposed and two jeweler's screws were implanted over frontal and contralateral parietal cortices where electroencephalogram (EEG) leads were attached. The head of the animal was tilted by 15 (nose down) and a hole was drilled for the insertion of a single barrel glass micropipette filled with 2% pontamine sky blue solution in 0.5 M sodium acetate at the following coordinates: AP, À3.7 mm; ML, þ1.2 mm (relative to lambda).
Locus coeruleus extracellular recordings
Recording micropipettes were pulled with a Narishige vertical puller and tips broken to 2e3 mm resulting in an impedance of 3e12 MU. A manual hydraulic microdrive was used to slowly advance the recording pipette through the brain. LC neurons were identified according to well-established elecrophysiological and anatomical criteria (Aston-Jones and Bloom, 1981b; Aston-Jones et al., 1980; Cedarbaum and Aghajanian, 1976) . These include their spontaneous discharge rate (1e3 Hz), biphasic response to contralateral foot pinch and proximity to mesencephalic trigeminal (Me5) neurons, which exhibit a characteristic response to jaw movement. The signal was pre-amplified by a neuroprobe amplifier (model 1600, A-M Systems Inc) and then split into two separate identical amplifiers (CWE, model BMA 200) for filtering at 100e3 kHz and 1e1 kHz bandpass for single-unit and LFP recordings, respectively. Both signals were digitized by a CED Micro 1401 at 5.5 kHz and stored on a computer running Spike 2 version 5 software (Cambridge Electronic Design, Cambridge, UK) for off-line spike sorting and signal processing. Single-unit traces were monitored on a dual beam storage oscilloscope and via a loudspeaker. The EEG trace was amplified by a BMA 831 (CWE), filtered (1e50 Hz), sampled at 925 Hz and monitored online on the computer screen to ensure a constant level of anesthesia (Fig. 1) . Once an LC cell was isolated, data was collected for at least 2 min after the cell showed a stable firing pattern and before the beginning of sensory stimulation. Stimuli consisted of a train of 50 square electric pulses (0.5 ms, 0.5 Hz, 10 mA) delivered to the contralateral hind paw via two hypodermic needles implanted subcutaneously. Paw stimulation intensity was set on an ISO-flex system (AMPI, Alomone Labs), whereas the stimulation rate was software controlled by Spike 2. Several tracks at least 100 mm apart were explored throughout the mediolateral and rostrocaudal extension of the LC nucleus. For about half of the cells, spontaneous activity was recorded for at least 2 min after paw stimulation and no statistically significant differences from pre-stimulation activity were noted. At the end of the experiments a pontamine sky blue deposit was made iontophoretically at the site of the last cell recorded by passing a 7.5 mA cathodal current for 10 min. The animals were then killed by cervical dislocation and the brain quickly removed and immersed in ice-cold 2-methylbutane and stored at À20 C until histological assessment.
ATM administration
ATM was dissolved in sterile saline and diluted to 1 mg/ml. Three doses (0.1, 0.3, and 1 mg/kg) were aliquoted and stored at À80 until the day of the experiment. The range of doses tested included dose levels effective in improving measures of executive functions in rodents (i.e., 0.3 and 1 mg/kg; Eagle et al., 2008; Floresco and Jentsch, 2011; Pattij and Vanderschuren, 2008) . ATM was administered via intraperitoneal (ip) injection at least 2 h from the induction of anesthesia. Each animal received one injection and the order of doses was randomized across experimental days.
Histological analysis
Frozen brains were mounted on a cryostat apparatus and coronal slices of 40 mm thickness were obtained throughout the caudo-rostral extent of LC. Sections were mounted on glass slides, counterstained with neutral red and coverslipped. Anatomical specificity of the extracellular recordings was assessed by calculating recording sites from the pontamine sky blue deposits made in each animal at the final LC recording location.
Data analysis
Spike trains of LC neural activity were sorted using a combination of threshold, template and principal component scattergram analysis to obtain single-unit data uncontaminated by artifacts or neighboring cell activity. The majority of recordings included only one cell and this was confirmed by visual inspection of autocorrelograms for each recording file. Recordings including ambiguous spike shape or unresponsiveness to paw stimulation (as is characteristic of LC neurons; Aston-Jones et al., 1982) were not included in the analysis. Tonic activity was defined as the firing rate (spikes/s) during 2-min epochs before paw stimulation. For phasic response analysis, peristimulus time histograms (PSTHs) computed over 50 trials of paw stimulation were created where possible for single cells in 2 s epochs (1 s pre-and 1 s post-stimulus), representing spike-counts per 5 ms bins. Spontaneous activity (background) and its standard deviation were measured over 1 s pre-stimulus in the PSTH to control for any variation in basal firing rate due to paw stimulation . The excitatory component of the phasic response consisted of spike-counts during the epoch between a 5 ms bin that exceeded the background average firing rate by at least 3 SD and the last bin that crossed this threshold followed by at least 5 bins below this threshold. The excitatory epoch also had to be comprised within 15 and 100 ms post-stimulus. The magnitude of the inhibitory component was defined as the spike-count per 5 ms bins during the epoch between 100 and 600 ms post-stimulus. The duration of the inhibitory component was calculated as the longest epoch post-stimulus where no bins crossed the threshold of 2SD of the background firing rate (Fig. 3a) . This method was chosen over alternative ones because it yielded reliable and consistent measurement of the different components of the phasic activity across cells and is similar to previous publications (Aston-Jones and Bloom, 1981b) . Both excitatory and inhibitory magnitudes were adjusted for the background firing rate by subtracting background firing from activity during the response. The phasic-to-tonic (P:T) response ratio of the sensory-evoked excitatory and inhibitory responses was LFP recordings from LC were digitally filtered off-line at 30 Hz low pass (AstonJones and Bloom, 1981a). Average sensory-evoked LFPs were smoothed with a Boxcar filter (3 bin width) and consisted of 50 paw stimulation trials per LC site (pre-drug: 850 trials; 0.1 mg/kg: 750 trials; 0.3 mg/kg: 800 trials; 1 mg/kg: 700 trials). Results were normalized by dividing each data point for the absolute value of the average of two 5 ms bins across the zero point (one above and one below zero) on the y axis so to obtain equal baseline levels. This adjustment was necessary to account for differences in electrode impedance or other factors causing amplitude discrepancies across experimental sessions. For statistical analysis, the magnitude of two early negative and one late positive components that were clearly recognizable on the majority of averaged LFPs were calculated. We arbitrarily called these components Neg1 (20e120 ms post-stimulus), Neg2 (125e280 ms) and Pos3 (285e640 ms) similar to previous reports (Dafny, 1975; Dafny and Burks, 1976; Yang et al., 2006a,b) . It has been proposed that early negative components (i.e., Neg1) represent incoming presynaptic activity which, in normal conditions, result in LC phasic response (Aston-Jones and Bloom, 1981b). Later components may be related to postsynaptic activity around the recording site (Dafny, 1975) . All LFP analyses Fig. 1 . EEG traces were continuously monitored to ensure a stable level of anesthesia. EEG activity during extracellular recordings was characterized by slow, high amplitude oscillations and punctuated by regular spindle-like activity. a) The level of the anesthetic was regulated throughout the experiment so as to achieve reliable EEG responses to acoustic (finger snaps) sensory stimulation. At this level of anesthesia, LC tonic activity is comparable to that of awake animals (Aston-Jones and Bloom, 1981a). b) Comparison of the 'spike' trace (100e3 kHz bandpass) and LFP trace before (1e1 kHz bandpass; 'raw' LFP) and after digital filtering (1e30 Hz bandpass; 'spike-free' LFP). The digital filter applied offline successfully removed spike contamination from the LFP trace. c) Representative coronal section through the LC from one of the experimental subjects. Pontamine blue deposit in ventral LC confirmed that all electrode tracks were in the intended area. Abbreviations: EEG, electroencephalogram; LFP, local field potential; Me5, mesencephalic trigeminal nucleus; ventr, ventricle.
included only traces free of artifacts or excessive noise and were restricted to the first two 1 h-time periods after ATM administration (30e90 and 90e150 min).
Spike-field and EEG-field coherence was calculated over 2-min windows before stimulation using standard routines in Neuroexplorer (Nex Technologies, Lexington, MA, USA). Spike-field coherence was obtained for 256 frequency values with no window overlap and smoothed with a Boxcar filter (3 bin width). A coherence value of 1 indicates perfect phase relationship, whereas a value of 0 means that there is no phase relationship between the two signals considered (Fries et al., 2008) . For statistical analysis of spike-field and EEG-field coherence, the mean coherence value of the following frequency bands was calculated for each ATM dose (n ¼ pre-drug, 13; 0.1 mg/kg, 9; 0.3 mg/kg, 18; 1 mg/kg, 11): delta (2e4 Hz), theta (4e8 Hz), alpha (8e12 Hz) and beta (12e18 Hz) similar to previous reports (Khawaja et al., 2009; Manning et al., 2009; Ray et al., 2008) . We restricted our analysis to low frequency ranges to avoid contamination of LFPs from spike data and possible artifacts produced by the digital filtering and also because these are the frequency bands most explored in the literature on cognition-enhancing drugs (e.g., Barry et al., 2009a Barry et al., , 2009b Clarke et al., 2003; Solt et al., 2011) .
Single-unit data for ATM were analyzed by ANOVA with two between-subjects independent factors of four levels each (dose: no-drug, 0.1, 0.3 and 1 mg/kg; and time: pre-drug, 30e90 min, 90e150 min, 150e210 min), whereas LFP analysis had only one independent variable (i.e., dose) and different time periods were analyzed separately. Significant results were further decomposed with appropriate post-hoc tests: ATM doses were compared to the pre-drug condition with Dunnett's t-test (two-tailed), which does not require a significant main effect (Howell, 1997, p. 351) , whereas Sidak's test was used for the time variable. Levene's test was used to control for departures from the ANOVA's requirement of equality of variances. In case of violation of this assumption, variables were appropriately transformed (Log10 or square root). Sensory-evoked LFP and coherence data were not normally distributed, thus a one-way ANOVA non parametric equivalent for K independent samples KruskaleWallis H was used, followed by Dunn's test for comparisons between dose levels and the pre-drug condition in case of the overall p < 0.05. For electrophysiological analysis of raw traces, Spike 2 (CED, Cambridge, UK) and Neuroexplorer (Nex Technologies, Lexington, MA, USA) were used, while statistical analysis was performed on SPSS (SPSS, Chicago) and Prism (Graph Pad Software Inc.).
Results
Tonic activity
Average spontaneous firing rates (spikes/s) were not significantly different between subjects at baseline (pre-drug: F(7,26) ¼ 1.288 ns). Thus, they were grouped together (mean firing rate AE SEM ¼ 1.74 AE 0.13 Hz) and compared to the 3 ATM doses at each time point. ATM administration affected significantly LC spontaneous impulse activity ( Fig. 2 ; dose: F(2,125) ¼ 8.26, p < 0.005; time: F(2,125) ¼ 4.83, p < 0.05), but there was no significant interaction between dose and time (dose Â time, F(4,125) ¼ 1.39 ns). Both 0.3 and 1 mg/kg of ATM decreased spontaneous LC activity to less than 50% of the pre-drug firing rate (both p < 0.005), whereas 0.1 mg/kg did not affect spontaneous firing rate. Moreover, the effect of ATM on LC firing rate was time dependent. Post-hoc analysis revealed a significantly lower spontaneous activity only during the first and the second 1 h-time periods (30e90 min and 90e150 min) compared to the pre-drug condition (p < 0.05 and p < 0.005, respectively). The third 1 hperiod (150e210 min) was also significantly different from the second time period (90e150 min, p < 0.05), but not from the predrug condition indicating that LC firing rate returned to normal values after w150 min.
Phasic activity
Mean background activity between paw stimuli was significantly affected by ATM dose ( Fig. 4a; F(2,100) ¼ 8.19, p < 0.005). There was also a significant difference in background activity between post-injection time windows (time: F(2,100) ¼ 8.84, p < 0.005), but there was no interaction between dose and time (dose Â time: F(4,100) ¼ 1.67 ns). According to post-hoc tests this measure was significantly lower only at 0.3 and 1 mg/kg (both p < 0.005) compared to pre-drug condition, similar to the tonic measure. The difference between background activity at different time periods was significant only at the second 1 h-time period (90e150 min; p < 0.005) compared to all other time windows. This measure of spontaneous tonic discharge has been used to normalize the components of the sensory-evoked response for each cell as described in the Methods section.
There was no significant effect of ATM on the absolute magnitude of the excitatory component of LC response to paw stimulation ( Fig. 4b ; dose: F(2,100) ¼ 0.01 ns), no effect of time (time: F(2,100) ¼ 1.93 ns) and no interaction between the independent variables (dose Â time: F(4,100) ¼ 1.27 ns).
There was also no significant main effect of ATM dose on the magnitude of the inhibitory LC response component ( Fig. 4c ; dose: F(2,100) ¼ 1.18 ns). There was a significant difference for this LC response between time periods after ATM (time: F(2,100) ¼ 8.21, p < 0.005), but no interaction between dose and time (dose Â time: F(4,100) ¼ 2.33 ns). For the dose variable, Dunnett's test revealed that the magnitude of the inhibitory component was significantly increased by 1 mg/kg ATM compared to the pre-drug condition (p < 0.05). For the time variable, pairwise comparisons showed a significant effect only for the second 1 h-time period (90e150 min) compared to all the other conditions (p < 0.005). The duration of the inhibitory component of the phasic response (Fig. 4d) was significantly affected by ATM (dose: F(2,100) ¼ 8.65, p < 0.005), but there was no difference between different time windows (time: F(2,100) ¼ 0.03 ns) and there was no interaction between dose and time (dose Â time: F(4,100) ¼ 0.8 ns). Post-hoc analysis showed that the inhibitory phase was longer only at the 0.3 mg/kg dose compared to pre-drug condition (p < 0.05).
ATM administration had a significant effect on the phasic-totonic ratio of the LC excitatory response (Fig. 4e) as a function of dose only (dose: F(2,100) ¼ 5.11, p < 0.05; time: F(2,100) ¼ 2.29 ns; dose Â time: F(4,100) ¼ 1.3 ns). Post-hoc tests showed that the dose of 1 mg/kg significantly increased this measure compared to the pre-drug condition (p < 0.5). Finally, the phasic-to-tonic ratio of the inhibitory response (Fig. 4f) was significantly affected by ATM dose (dose: F(2,100) ¼ 6.73, p < 0.005) and time after injection (F(2,100) ¼ 10.61, p < 0.005), but there was no interaction between the two variables (dose Â time: F(4,100) ¼ 2.03 ns). According to post-hoc tests, both the 0.3 and 1 mg/kg doses were significantly different from the pre-drug condition (p < 0.05 and p < 0.005, respectively) and the second 1 h-time period (90e150 min) was different from all the other time windows (p < 0.05).
Local field potentials
LFPs were recorded simultaneously with spike traces. LFP waveforms generally were biphasic (negative-positive) similar to previous publications (Aston-Jones and Bloom, 1981a,b). The initial negative wave was divided into early (Neg1) and late (Neg2) components, as described in the Methods section. A third component was positive (Pos3) and was most prominent between 300 and 400 ms post-stimulus. It has been proposed that such field reflect spatiotemporal summation of postsynaptic dendritic responses to afferent activity (Nadasdy et al., 1998; Petsche et al., 1984) .
For average sensory-evoked LFP response during the first 30e90 min post-administration ( Fig. 5a and d) , there was a significant effect of ATM dose on the early negative component of the LFP Fig. 3 . a) Schematic representation of the method used to separate the different components of the LC sensory-evoked response in single-unit recordings (see text). b) Effects of ATM on LC evoked discharge. The single-unit PSTHs depict two representative neurons per dose. For most neurons, tonic activity was more sensitive to the inhibitory effects of ATM, while largely sparing the excitatory response with a consequent increase in the phasic-to-tonic ratio.
(Neg1; H(3) ¼ 66.31, p < 0.005). The 0.3 mg/kg produced a stronger deflection in this LFP component compared to the pre-drug condition (p < 0.005), whereas the lower dose (0.1 mg/kg) significantly decreased, and 1 mg/kg did not affect, the amplitude of this component. There was a significant effect of ATM dose on the second negative component observed in these LFPs (Neg2; H(3) ¼ 38.38, p < 0.005). The higher dose (1 mg/kg) increased the amplitude of this component (p < 0.05), while the other two doses did not have a significant effect. Finally, a late positive component of the sensory-evoked field potentials in LC (Pos3) was significantly affected by ATM (H(3) ¼ 120.9, p < 0.005). According to post-hoc tests, the lower dose (0.1 mg/kg) decreased its amplitude compared to the pre-drug condition (p < 0.005).
During the second time period considered (90e150 min; Fig. 5b and e) ATM administration produce a significant effect on the Neg1 component (H(3) ¼ 28.27, p < 0.005). The dose of 1 mg/kg significantly reduced this early negative component compared to the pre-drug condition (p < 0.05). There was no effect of ATM on the second negative component during this time window (Neg2; H(3) ¼ 5.9 ns). ATM administration significantly affected the Pos3 component of sensory-evoked LFP (H(3) ¼ 141.5, p < 0.005). Both 0.1 and 1 mg/kg decreased the magnitude of the Pos3 compared to the pre-drug condition (both p < 0.005).
Spike-field coherence during the first time window postadministration (30e90 min; Fig. 6a ) was affected by ATM across different frequency bands. There was a significant effect of dose in the delta band (2e4 Hz; H(3) ¼ 13.29, p < 0.005), but none of the relevant comparisons reached statistical significance. In the theta (4e8 Hz) there was a significant effect of ATM dose (H(3) ¼ 17.38, p < 0.005). Only 1 mg/kg increased spike-field coherence compared to the pre-drug condition (p < 0.05), an effect probably related to the increase in the LFPs power spectral density in the theta band that followed ATM administration (data not shown). ATM administration influenced coherence in the alpha (8e12 Hz; H(3) ¼ 38.65, p < 0.005) and beta (12e18 Hz; H(3) ¼ 46.65, p < 0.005) bands. In these frequency ranges, the 1 mg/kg dose increased coherence between spikes and LFPs (both p < 0.005). ATM did not affect coherence during the second time window analyzed (90e150 min; data not shown) in the delta (H(3) ¼ 1.3 ns), theta (H(3) ¼ 2.9 ns) or alpha bands (H(3) ¼ 5.6 ns). Finally, there was a significant effect of ATM on spike-field coherence in the beta band (H(3) ¼ 44.26, p < 0.005). In this frequency range, 0.3 mg/kg dose increased spikefield coherence during the second time window considered (p < 0.005).
Coherence between cortical EEG and LFPs in LC was also strongly affected by ATM administration during the first time window considered (30e90 min; Fig. 6b ). There was a significant effect of ATM administration in all the frequency bands considered (delta: H(3) ¼ 36.32, p < 0.005; theta: H(3) ¼ 54.25, p < 0.005; alpha: H(3) ¼ 60.67, p < 0.005; beta: H(3) ¼ 31.88, p < 0.005). The dose of 1 mg/kg increased coherence values across frequency bands (p < 0.05 for delta and theta) with a stronger effect in the highrange frequencies (p < 0.005 for alpha and beta). 0.3 mg/kg of ATM only increased coherence in the alpha band (p < 0.005), whereas 0.1 mg/kg decreased coherence in the delta (p < 0.05), theta (p < 0.005) and alpha (p < 0.05) frequency bands. ATM had Fig. 4 . Effects of different doses of ATM on LC single-unit sensory-evoked response expressed as percentage change from the pre-drug condition. a) Baseline activity between trials was significantly decreased at 0.3 and 1 mg/kg of ATM (both p < 0.005) and between 90 and 150 min after ATM administration. The excitatory component (b) was not affected by ATM administration compared to pre-drug levels, whereas the magnitude of the inhibitory component (c) was increased during the second time-period (90e150 min) and at 1 mg/ kg (p < 0.05). The duration of the inhibitory component (d) was increased by 3 mg/kg (p < 0.05) only, whereas 1 mg/kg of ATM increased the phasic-to-tonic ratio (e) of LC excitatory response to paw stimulation (p < 0.05). f) Both 0.3 and 1 mg/kg of ATM increased the phasic-to-tonic (P:T) ratio of the inhibitory response compared to pre-drug condition (p < 0.05 and p < .005, respectively) and the second time window (90e150 min) was different from all the other epoch considered. Increased variability was observed on some of the measures, but only during specific time-windows. This indicates that this variability is not due to noise in the data, but to the time course of ATM effects (* ¼ p < 0.05 for time). a significant effect on EEG-field coherence also during the second time period considered (90e150 min; data not shown; delta: H(3) ¼ 30.61, p < 0.005; theta: H(3) ¼ 43.29, p < 0.005; alpha: H(3) ¼ 46.49, p < 0.005; beta: H(3) ¼ 69.89, p < 0.005). 1 mg/kg of ATM increased coherence across frequency bands (p < 0.05 for delta; p < 0.005 for theta, alpha and beta), whereas the 0.3 mg/kg dose increased coherence only for alpha and beta frequencies (p < 0.005 for both). Finally, these effects were not dependent on LC neurons firing rate as inspection of EEG spectrograms did not reveal significant differences across ATM doses.
Discussion
The results of the present experiments generally confirm previous studies on the effects of different types of putative cognition-enhancing drugs on LC discharge activity in the anesthetized rat and, for the first time, extend these results to ATM. There has been no information about the effects of systemic ATM administration on phasic and tonic LC discharge activity, which has limited our understanding of the neural substrates involved in the cognition-enhancing effects of this drug in ADHD as well as in healthy, non-clinical subjects. Here we found that ATM decreases spontaneous (tonic) firing rate of LC neurons, but preserves the excitatory response and also increases the magnitude and duration of the inhibitory response to sensory stimuli. These effects combined produced an increase in the phasic-to-tonic (P:T) ratio of LC evoked responses, which may effectively enhance LC signaling temporally linked to sensory events in downstream target areas (Aston-Jones and Cohen, 2005b) . Moreover, analysis of LFP in LC revealed a biphasic effect. The low ATM dose (0.1 mg/kg) generally decreased average sensory-evoked response. Higher ATM doses (0.3 and 1 mg/kg) initially increased the amplitude of negative components and then decreased it for both negative and positive components in the stimulus-evoked LFP response, while enhancing simultaneous neural activity in LC in the theta, alpha and beta frequency bands. Finally, analysis of coherence values between cortical EEG and LFP recorded in the LC showed that a low ATM dose decreased, whereas higher doses increased synchronized activity between these two brain regions.
The decrease in tonic LC activity after ATM is similar to what has been observed after administration of methylphenidate Lacroix and Ferron, 1988; Olpe et al., 1985) , amphetamine (Graham and Aghajanian, 1971; Ryan et al., 1985) , cocaine (Curtis et al., 1993; Pitts and Marwah, 1987) and several NE reuptake inhibitors (Aghajanian, 1980; Nyback et al., 1975; Olpe et al., 1983; Scuvee-Moreau and Dresse, 1979; Valentino et al., 1990; Wong et al., 2000) . This effect is mediated by indirect activation of inhibitory presynaptic a2 noradrenergic receptors and is blocked by co-administration of a2 antagonists (Fernandez-Pastor et al., 2005; Grandoso et al., 2004; Mateo et al., 1998; Miguelez et al., 2009; Starke and Montel, 1973; Svensson et al., 1975; Svensson and Usdin, 1978; Wong et al., 2000) . In previous LC recordings in behaving animals, our lab found that animals displaying high levels of tonic LC discharge are disengaged from the task at hand and distractible (Aston-Jones and Cohen, 2005b) . In fact, in physiological conditions, too high or too low tonic discharge Fig. 5 . Normalized average evoked LFPs in LC following paw stimulation before and after different doses of ATM. During the first time-period (a and d; 30e90 min), although having no effect on single-unit activity in the LC, the lower dose (0.1 mg/kg) tended to flatten the LFP response to paw stimulation and significantly decreased both the Neg1 and Pos3 components. Higher doses increased negative components only. In the second time window considered (b and e; 90e150 min), 1 mg/kg of ATM significantly decreased the early negative and the positive components, whereas 0.1 mg/kg decreased only the Pos3. c) Example of the average LFP response before normalization and relative components (* ¼ p < 0.05, compared to pre-drug condition).
rates are associated with low phasic response of LC neurons and impaired attentional task performance . The decrease in spontaneous activity may be related to the mild sedative effects of ATM at higher doses (Bari et al., 2009; Fernando et al., 2012) . Nonetheless, this effect together with the preservation of phasic response to sensory stimuli and increased in P:T ratio for LC neurons after ATM may contribute to the behavioral calming but simultaneous attention-enhancing effects of these drugs in ADHD individuals (Arnsten, 2011; Bidwell et al., 2011; Brown et al., 2011; Simpson and Perry, 2003; Solanto, 1998; Spencer et al., 1998) .
It has been demonstrated that phasic burst-like firing of LC neurons causes a more efficient release of NE in target areas (FlorinLechner et al., 1996) , contributing to temporally specific regulation of forebrain NE levels and adaptively modulating vigilance and behavioral responses (Foote et al., 1983; Segal and Bloom, 1974; . The present results show that the excitatory component of the evoked response was not significantly affected by ATM, contrary to what has been reported for other drugs that decrease LC spontaneous activity such as methylphenidate , morphine (Korf et al., 1974) or desipramine (Valentino and Curtis, 1991) . However, similar to methylphenidate and desipramine, ATM increased the magnitude and duration of the inhibitory component, which may be relevant for the improvements in sustained attention and response inhibition observed in animals administered with these drugs Koffarnus and Katz, 2011; Navarra et al., 2008; Pattij et al., 2012; Robinson, 2012) . ATM potentially increases the magnitude and duration of the inhibitory component either by indirectly increasing a2-mediated collateral or autoinhibition (Aghajanian et al., 1977; Ennis and Aston-Jones, 1986; Ivanov and Aston-Jones, 1995) , or by potentiating inhibitory projections from the nucleus paragigantocellularis (Aston-Jones et al., 1992) . The post-activation pause of LC neurons may play a critical role in the efficacy of information transfer following events that phasically activate LC (Berridge and Waterhouse, 2003) . Although the physiological significance of this component is still not known, it is possible that LC phasic inhibition enhances cortical responses to stimuli (Waterhouse et al., 1998) or makes LC neurons refractory to further stimulation for a longer period, thus increasing focused attention and inhibition of distracting stimuli. A similar result of LC post-activation inhibitory response on attentional processes ('attentional blink') has been proposed in previous neural modeling studies (Nieuwenhuis et al., 2005b) .
The P:T ratio of the excitatory response was increased after the 1 mg/kg ATM dose and in w46% of neurons after 0.3 mg/kg, which indicates a borderline (though non-significant) effect at this intermediate dose. Moreover, both 0.3 and 1 mg/kg of ATM increased the P:T ratio of the inhibitory response. Similar increases in P:T ratios have been observed after desipramine (Valentino and Curtis, 1991) and methylphenidate administration in anesthetized animals, although this latter drug also decreased the P:T ratio of the excitatory response. Importantly, the increase in P:T ratios after ATM was significant only after 90 min from its administration, which is relevant for behavioral studies involving the use of this drug (although absorption rates may be different in the anesthetized preparation) and may explain the discrepancy with the effects of other putative cognitive enhancers. There was also a consistent increase in the variability of the P:T ratio measures after both 0.3 and 1 mg/kg of ATM (Fig. 4) . This is unlikely to be the Fig. 6 . Effects of ATM on spike-field and EEG-field coherence during the first 30e90 min post-administration for the four frequency bands analyzed: delta (2e4 Hz), theta (4e8 Hz), alpha (8e12 Hz) and beta (12e18 Hz). a) ATM generally increased spike-field coherence at the high dose (1 mg/kg) across all frequency bands considered, with the exception of the delta frequency range. b) EEG-field coherence was affected by ATM across frequencies, with 1 mg/kg generally increasing coherence, whereas 0.3 mg/kg increased coherence only in the alpha and beta range. The low dose of ATM (0.1 mg/kg) decreased coherence across delta, theta and alpha frequency bands (* ¼ p < 0.05, compared to pre-drug condition).
consequence of non-specific 'noise' in the data because the increased variability was only present during the second 1 h-time window (90e150 min) and not during the other time intervals considered. Instead, visual inspection of single data-points suggests that it reflects time-dependent effects of ATM that reached a peak approximately 130 min post-injection for both effective doses. Our ability to track ATM effects on LC activity for long time periods is important due to the long lasting effects of this drug, which has been shown to significantly increase extracellular NE in PFC of freely moving rats for at least 4 h postinjection at the 1 mg/kg dose (Bymaster et al., 2002) .
It is known that optimal levels of P:T discharge are required for successful performance during attentional tasks Rajkowski et al., 2004) and that ATM and methylphenidate are able to increase 'signals' and decrease 'noise' in prefrontal areas via effects on a2 and dopaminergic D1 receptors, respectively (Arnsten and Dudley, 2005; Gamo and Arnsten, 2011; Gamo et al., 2010; Robbins and Arnsten, 2009) . Local infusions of ATM or methylphenidate in rat PFC improve performance on cognitive tasks (Bari et al., 2011; Devilbiss and Berridge, 2008) , and these effects seem to be mediated at least in part by their action on the noradrenergic system Bymaster et al., 2002; Hannestad et al., 2010; Kuczenski and Segal, 2002) . Here, we showed that another important site of action for the pro-cognitive effects of ATM is the LC, where it profoundly affects the firing rate characteristics of this nucleus that are known to be involved in higher order cognitive processes (Aston-Jones et al., 2000) . Although the precise behavioral correlate of the increase in P:T ratio is still unknown, converging evidence has linked optimal levels of phasic and tonic discharge to improved behavioral flexibility and decision-making (Aston-Jones and Cohen, 2005a; Nieuwenhuis et al., 2005a) , both of which are considered 'prefrontal' functions.
The LC receives inputs from a variety of brain regions, including the PFC. It is thus very important for future studies to investigate the effects of cognition-enhancing drugs on the activity of afferent connections to the LC, as well as its output activity. LFP recordings provide a measure of the simultaneous inputs of cellular ensembles to the neural population around the recording site (Creutzfeldt et al., 1966; Katzner et al., 2009; Klee et al., 1965; Mitzdorf, 1985) . We recorded average evoked LFPs in LC and divided the observed response into 3 components: (Neg1, Neg2 and Pos3). During the first time period after ATM administration (30e90 min) we found that the lower dose of ATM (0.1 mg/kg) decreased both Neg1 and Pos3 components. Compared to pre-drug levels, higher doses of ATM caused an increase in the amplitude of both negative components, which are associated with phasic excitatory activity in LC single-unit recordings (Aston-Jones and Bloom, 1981a). The increase in negative components obtained after higher doses of ATM may thus potentially represent increased input to LC after sensory stimulation, although these results do not inform us about the brain site where this input originates. During the second time window considered (90e150 min) the 1 mg/kg decreased both Neg1 and Pos3 and 0.1 mg/kg also decreased this latter component. The effect of the lower dose of ATM (0.1 mg/kg) on average sensoryevoked field responses was surprising as this dose did not elicit any significant effect on single-unit LC activity. Since LFPs are thought to represent integrated synaptic potentials in local neurons, it is possible that low doses of ATM are able to selectively modulate sensory-evoked responses in other brain areas projecting to the LC, potentially through indirect action on high affinity a2 postsynaptic receptors (Ramos and Arnsten, 2007) . Moreover, it has been shown that a low dose of the NE reuptake inhibitor desipramine causes a decrease of extracellular NE in PFC, whereas higher doses increase NE levels there and both high and low dose levels increase NE in the LC (Mateo et al., 1998) . Further studies in behaving animals are warranted for a more exhaustive interpretation of the present results.
LC neurons are characterized by synchronous oscillatory activity (Ivanov and Aston-Jones, 1995; Williams and Marshall, 1987 ) which appears to be regulated by afferent projections and depends on electrotonic coupling (Aston-Jones et al., 1991; Ballantyne et al., 2004; Brown et al., 2004; Ishimatsu and Williams, 1996) . Synchronous activity in the LC may arise from its distal dendrites located in the pericoerulear region (Ishimatsu and Williams, 1996) , which is known to receive afferent inputs from distant brain areas Ivanov and Aston-Jones, 1995; Shipley et al., 1996) and has been implicated in neural development (Christie et al., 1989) and cognitive performance (Usher et al., 1999) . Moreover, it has been reported that LC and PFC present episodes of slow, synchronous oscillatory activity (Lestienne et al., 1997) and that LC-NE neurons modulate neural oscillations in several areas of the brain (Brown et al., 2005; Delagrange et al., 1993 Delagrange et al., , 1989 Dzirasa et al., 2010; Kalauzi et al., 2009; Walling et al., 2011) . To test whether ATM modulates the interplay between LC and other structures, we analyzed the amount of synchronous activity (coherence) between spike trains and LFPs in LC and between cortical EEG and LC local fields. High levels of coherence within or between brain areas are believed to reflect increased neuronal interaction ('coupling') among interconnected networks (Fries, 2005; Womelsdorf et al., 2007) .
We found that during the first 30e90 min post-administration, only the high dose of ATM (1 mg/kg) generally increased spikefield coherence across theta, alpha and beta bands. However, during the second time window considered, almost all coherence values returned to pre-drug levels. Coherence between cortical EEG and LFPs recorded in LC was also increased by ATM, but only at the higher doses. 0.3 mg/kg of ATM increased coherence only in the alpha and beta frequencies, whereas 1 mg/kg increased coherence for all frequency bands considered. Both these effects were long lasting and persisted from 30 to 150 min postadministration. The lower dose of ATM (0.1 mg/kg) had the opposite effect, decreasing coherence values across frequencies, except for the beta band. As previously discussed, low doses of NE reuptake inhibitors may decrease NE extracellular content in prefrontal areas (Fernandez-Pastor et al., 2005; Mateo et al., 1998) , which would explain the biphasic effect of high and low doses of ATM on EEG-field coherence and sensory-evoked average LFPs. These results are consistent with the finding that hyponoradrenergic mice show decreased cross-structural coherence across several interconnected brain areas together with behavioral hyperactivity and that these deficits are reversed by treatment with NE precursors (Dzirasa et al., 2011) . On the other hand, it has been proposed that the LC-NE system exerts a tonic inhibitory activity on brain areas responsible for specific oscillatory rhythms (Rougeul-Buser and Buser, 1997) . This latter mechanism may also contribute to the observed modulatory activity of ATM on coherence levels in the present experiments, especially at high doses that decrease LC spontaneous firing rate. Thus, although the precise mechanisms underlying the modulation of spike-field and EEG-field coherence in the LC after ATM administration are not clear yet, the present results indicate that this drug affects brain areas connected to the LC promoting neural coordination which is known to correlate with cognitive task performance (e.g., TallonBaudry et al., 2004; Wu et al., 2008) .
In summary, the present study demonstrates for the first time that ATM modulates LC neuronal activity in a way potentially associated with its beneficial effects on cognitive functions as shown by a number of psychopharmacological studies in human (Bidwell et al., 2011; Del Campo et al., 2011; Robbins and Arnsten, 2009 ) and non-human subjects (Berridge and Devilbiss, 2011; Eagle et al., 2008; Floresco and Jentsch, 2011; Pattij and Vanderschuren, 2008) . Increased 'gain' or 'signal-to-noise ratio' have been observed in several brain areas after NE application or noradrenergic pathway stimulation (Foote et al., 1975; Freedman et al., 1977; Moises et al., 1981; Waterhouse et al., 1981; . The present results indicate that increased P:T ratios in the source of NE (LC neurons) may also contribute to these modulatory effects. Thus, the LC, together with specific regions within the PFC (Bari et al., 2011; Chamberlain et al., 2009; Gamo et al., 2010) , is likely to be one of the major substrates for ATM effects on cognition, where it decreases tonic firing rates and enhances the P:T ratio of the sensory-evoked phasic response. The important modulation of sensory-evoked LFPs, spike-field coherence and EEG-field coherence by ATM should encourage further studies at the level of cooperating circuitries in the brain and the way neural synchronization affects performance on cognitive tasks.
